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The severe acute respiratory syndrome coronavirus (SARS-CoV) generates 16 nonstructural proteins (nsp’s) 
through proteolytic cleavage of a large precursor protein. Although several nsp’s exhibit catalytic activities that 
are important for viral replication and transcription, other nsp’s have less clearly defined roles during an 
infection. In order to gain a better understanding of their functions, we attempted to identify host proteins that 
interact with nsp’s during SARS-CoV infections. For nsp2, we identified an interaction with two host proteins, 
prohibitin 1 (PHB1) and PHB2. Our results suggest that nsp2 may be involved in the disruption of intracel- 


lular host signaling during SARS-CoV infections. 


Severe acute respiratory syndrome coronavirus (SARS-CoV) is 
a positive-stranded RNA virus that was first identified in late 
2002 as the causative agent for an outbreak of atypical pneu- 
monia originating from southern China (9, 20, 25). SARS-CoV 
possesses a ~30-kb genome that consists of two large open 
reading frames (ORFs), ORFla and ORF lab, spanning two- 
thirds of the genome and 12 additional downstream ORFs (21, 
28). The translation of ORFla and ORF lab results in the 
production of two large polyproteins, polyprotein 1a (ppla) 
and polyprotein lab (pplab). Within ppala and pplab, two 
viral proteases, a papain-like protease (nsp3) and a 3C-like 
protease (nsp5), cleave ppla and pplab into 11 and 16 smaller 
subunits, respectively (33). 

Based on findings from studies of SARS-CoV and other, 
related coronaviruses, several nsp’s have been shown to exhibit 
catalytic activities that are critical at different stages of the viral 
life cycle. For example, the activities of nsp3, the papain-like 
protease, and nsp5, the 3C-like protease, are required for 
cleavage of ppla and pplab into the individual nsp’s (33). 
Likewise, additional nsp’s have also been shown to exhibit an 
RNA helicase activity (nsp13) (15), an exoribonuclease activity 
(nsp14) (4, 10, 11, 23), an endoribonuclease activity (nsp15) 
(1-3, 16, 18, 27), and a methyltransferase activity (nsp16) (7, 
34). Together, these nsp’s are thought to work in concert with 
the putative viral RNA-dependent RNA polymerase, nsp12, 
for replication of the full-length genomic RNA and for tran- 
scription of a nested set of subgenomic RNAs that encode 
additional accessory proteins and the structural proteins that 
are required for virion assembly (5, 30, 33). Other nsp’s, how- 


* Corresponding author. Mailing address: Department of Molecular 
Biology and Biochemistry and Division of Infectious Disease, Depart- 
ment of Medicine, University of California, Irvine, 3205 McGaugh 
Hall, Irvine, CA 92697-3900. Phone: (949) 824-5781. Fax: (949) 824- 
9437. E-mail: m.buchmeier@uci.edu. 

’ Published ahead of print on 29 July 2009. 


ever, have less clearly defined activities. For example, the de- 
letion of nsp2 from the SARS-CoV genome results in only a 
modest reduction in viral titers, and nsp2 is currently thought 
to be dispensable for replication (13). However, it is unclear 
whether nsp2 would play a more critical role in the context of 
an actual infection, in which the virus encounters the selective 
influence of the immune system. 

In order to gain a better understanding of the biology of 
nsp’s, we sought to develop a general strategy for identifying 
host proteins that interact with viral proteins during an infec- 
tion. Focusing on nsp1 and nsp2, we purified protein complexes 
containing C-terminally tagged nsp’s and utilized multidimen- 
sional protein identification technology (MudPIT) analysis to 
generate a list of candidate host proteins that potentially in- 
teract with these two proteins. Although for nspl we were 
unable to confirm direct interaction with any of the candidate 
host proteins, for nsp2 we were able to confirm interactions 
with two proteins, prohibitin 1 (PHB1) and PHB2. 

Expression of C-terminally tagged SARS-CoV nonstructural 
proteins. In order to purify nsp-containing protein complexes 
from SARS-CoV-infected cells, we utilized a 23-amino-acid 
affinity purification tag that is site-specifically biotinylated by 
the Escherichia coli biotin ligase BirA (6). All constructs were 
engineered to contain a C-terminal tag composed of a hemag- 
glutinin (HA) tag followed by a tobacco etch virus protease 
cleavage site and the biotinylation (bio) tag (Fig. 1A). To test 
the expression of these constructs, HEK293 cells expressing 
the SARS-CoV receptor (HEK293/ACE2 cells) were trans- 
fected with individual plasmids for tagged nsp’s by using 
FuGENE HD (Roche). After 2 days, protein expression levels 
were determined by probing Western blots with an anti-HA 
antibody (Covance). For these constructs, we routinely ob- 
served high levels of expression of nsp2, nsp5, nsp10, nsp15, 
and nsp16 (Fig. 1B). The only construct that failed to show 
expression was that for full-length nsp3. However, for two 


10314 


AYVHEIT HSLNAD IWOIGAW NAN Aq GLoz ‘EE Arenuqe4 uo /Bo"wselal//:dyy Woy pepeojumog 


VoL. 83, 2009 


NOTES 10315 


A. 
intron | of ITT WPRE 


YPYDVPDYADYDIPTTASENLYFQGELKTAALAQHDEAMASSLRQILDSQKMEWRSNAGGS 


HA tag TEV cleavage site 
B. s 

i?) 

2 

a ae 

o = 

2 - 
=nxNnmnst hh © KR OL 
aaaoeaoaaaa sea 
A Dn DD HHH DD 
2222 24 2 42 2 2 2 
a, a ee ee, ee, | en ees | 

_— 


nsp1: 28.1 kDa 

nsp2: 78.4 kDa 

nsp3 UB1-GSM: 153.2 kDa 
nsp3 TM1-Y: 74.5 kDa 
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nsp12: 110.8 kDa 
nsp13: 74.4 kDa 
nsp14: 66.2 kDa 
nsp15: 46.3 kDa 
nsp16: 41.0 kDa 


FIG. 1. Expression of SARS-CoV nonstructural proteins with a C-terminal HA-bio tag. (A) Sequences encoding individual nsp’s were cloned 
into a modified pCAGGS vector that generates transcripts containing the posttranscriptional regulatory element from the Woodchuck hepatitis 
virus (WPRE). All constructs fuse a C-terminal HA-bio tag to each protein. TEV, tobacco etch virus. (B) Western blotting analysis (with mouse 
anti-HA [1:1,000; Covance]) to monitor the expression of nsp’s. The expected sizes for nsp’s with the C-terminal HA-bio tag are listed below the 
blot. Samples for nsp2, nsp5, nsp7, and nsp10 were diluted 10 prior to loading. 


shorter nsp3 constructs, an N-terminal fragment spanning the 
start of nsp3 to the group II-specific marker (GSM) domain 
located immediately upstream of the first transmembrane do- 
main (nsp3 UB1-GSM) and a C-terminal fragment spanning 
the first transmembrane domain to the end of nsp3 (nsp3 
TM1-Y), we observed moderate levels of expression. 
Identification of candidate host proteins copurifying with 
SARS-CoV nsp2. SARS-CoV infection has been shown to alter 
a cell’s gene expression profile (8, 19, 32). Therefore, to better 
simulate the protein expression profile under these conditions, 
we pursued a purification strategy to isolate nsp-containing 
complexes from SARS-CoV-infected cells. We initially focused 
on isolating protein complexes incorporating C-terminally 
tagged nsp1, nsp2, nsp3 UB1-GSM, nsp3 TM1-Y, and nsp4. As 
a control to monitor the quality of protein purification, we also 
included a sample for enhanced yellow fluorescent protein 
(eYFP) with a C-terminal HA-bio tag. HEK293/ACE2 cells 
were cotransfected with individual nsp plasmids and a plasmid 
that expresses BirA. The following day, transfected cells were 
infected with SARS-CoV. One day following infection, cells 
were lysed in buffer containing 1% NP-40 and incubated with 


streptavidin paramagnetic beads (Invitrogen) to isolate protein 
complexes. 

Following single-step purification, we observed multiple 
bands on Coomassie blue-stained gels for purified samples 
obtained with C-terminally tagged nsp1, nsp2, and nsp3 UB1- 
GSM which were absent for samples for nsp3 TM1-Y, nsp4, 
and eYFP (Fig. 2A). The significance of these multiple bands 
is presently unclear. In some additional purification runs, we 
also observed these multiple bands in purified samples for nsp3 
TM1-Y and nsp4. However, these bands were never observed 
in additional purification runs with either eYFP or the nucleo- 
capsid protein for an unrelated virus, the Andes hantavirus 
(data not shown). Hence, these multiple bands appear to be 
specifically associated with the expression of SARS-CoV nsp’s. 

Given the complexity in these purified samples, we per- 
formed MudPIT analysis in order to identify potential host 
proteins that interact with individual nsp’s. The MudPIT ap- 
proach is a sensitive mass spectrometry technique that can be 
used to identify the protein components in a complex mixture 
without prior separation by electrophoresis (14, 17, 29, 36). For 
an initial round of MudPIT analysis, we identified 590 unique 
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FIG. 2. Single-step purification of nsp-containing protein com- 
plexes from SARS-CoV-infected cells. (A) Coomassie blue-stained gel 
of protein samples eluted from streptavidin beads; (B) Western blot 
analysis (with mouse anti-HA [1:1,000; Covance]) to monitor the 
amounts of C-terminally tagged nsp’s eluted from streptavidin beads. 
Molecular sizes are given in kilodaltons. 


host proteins for nsp1, 719 for nsp2, 770 for nsp3 UB1-GSM, 
618 for nsp3 TM1-Y, 229 for nsp4, and 240 for eYFP. To 
reduce the list of candidate host proteins, host proteins that 
were present in the eYFP sample or were found to be common 
to all nsp samples were treated as background and subtracted 
from the list of candidates for each nsp sample. This reduced 
the total list of candidates to 25 for nsp1, 82 for nsp2, 86 for 
nsp3 TM1-Y, 40 for nsp3 TM1-Y, and 11 for nsp4. For nsp1 
and nsp2, the list of candidate host proteins was further re- 
duced by identifying host proteins that repeatedly associated 
with either nsp1 or nsp2 in additional rounds of purification 


TABLE 1. Candidate host proteins potentially interacting 
with nsp1 and nsp2 


Host protein name 
(accession no.) 


No. of unique 


me peptides* 


nsp1 DIDO1 (NP_149072.1) a 
USP7 (NP_003461.1) 3,3 
CKAPS5 (NP_001008938.1) 
RFC2 (NP_002905.2) 
CPNE3 (NP_003900.1) 
RPP38 (NP_006405.1) 
SNRNP48 (NP_689764.3) 

nsp2 GIGYF2 (NP_056390.2) 
PHB1 (NP_002625.1) 
VDACI (NP_003365.1) 
EIF4E2 (NP_004837.1) 
PHB2 (NP_009204.1) 
PCMI1 (NP_006188.2) 
SPEN (NP_055816.2) 
MLL2 (NP_003473.1) 
SLC1A5 (NP_005619.1) 
EIF3M (NP_006351.2) 
STOML2 (NP_038470.1) 
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* Data for nsp1 are results from three independent purification and MudPIT 
runs; data for nsp2 are results from two independent purification and MudPIT 
runs. 
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FIG. 3. nsp2 interacts with PHB1 and PHB2. (A) Western blot analysis 
(with mouse anti-HA [Covance]) to monitor the amount of nsp present in the 
starting lysate and the amount bound to streptavidin beads; (B) Western blot 
analysis (with rabbit anti-PHB1 [1:500; Santa Cruz Biotech]) to monitor the 
amount of PHB1 present in the starting lysate and the amount bound to 
streptavidin beads; (C) Western blot analysis (with rabbit anti-PHB2 [1:500; 
Santa Cruz Biotech]) to monitor the amount of PHB2 present in the starting 
lysate and the amount bound to streptavidin beads. nsp3 U-G, nsp3 UB1- 
GSM; nsp3 T-Y, nsp3 TM1-Y; mut., mutant. 
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and MudPIT analysis. This final reduced list of candidates 
consisted of 7 host proteins for nsp1 and 11 host proteins for 
nsp2 (Table 1). 

SARS-CoV nsp2 interacts with PHB1 and PHB2. To vali- 
date the results from the MudPIT analysis, we again isolated 
protein complexes containing C-terminally tagged nsp1 and 
nsp2 and probed for the presence of candidate host proteins 
through Western blot analysis. For nsp1, we were unable to 
confirm direct interaction with any of the candidate host pro- 
teins identified. For nsp2, GIGYF2 was identified with the 
highest number of unique peptides in the MudPIT analysis. 
However, there are no antibodies currently available for this 
protein. Therefore, we were unable to determine whether this 
host protein indeed copurifies with nsp2. In Western blot anal- 
yses for the next candidate protein, PHB1, we observed a 
strong signal in purified samples for nsp2 (Fig. 3B). A weak 
signal could also be detected in purified samples for nsp3 
TM1-Y and nsp4. However, no signal for PHB1 was detected 
in purified samples for nsp1, nsp3 UB1-GSM, eYFP, and an 
nsp! mutant that no longer suppresses gene expression (24). 
We also probed for the presence of the next candidate protein, 
VDAC, but did not observe any signal for this protein in any 
of the purified samples (data not shown). This result indicates 
that VDAC1 does not specifically interact with nsp2. Finally, 
because PHB1 is known to form a stable complex with a ho- 
mologous protein, PHB2, and PHB2 was also identified in the 
MudPIT analysis, we probed purified samples for the presence 
of PHB2. Similar to the results with PHB1, the results with 
PHB2 showed a strong signal in purified samples for nsp2 and 
faint signals in purified samples for nsp3 TM1-Y and nsp4 (Fig. 
3C). No detectable signal for PHB2 was observed in the re- 
maining samples. The significance of the weak signals observed 
for both PHB1 and PHB2 in purified samples for nsp3 TM1-Y 
and nsp4 is unclear. Because we typically observed much less 
purified nsp3 TM1-Y and nsp4 than nsp2, it is possible that both 
nsp3 TM1-Y and nsp4 do, in fact, interact with PHB1 and PHB2 
(Fig. 3A, compare beads for nsp2, nsp3 TM1-Y, and nsp4). Al- 
ternatively, because PHB1, PHB2, nsp3 TM1-Y, and nsp4 are 
integral membrane proteins, the weak signals for PHB1 and 
PHB2 may simply be the result of nonspecific hydrophobic 
interactions of transmembrane domains. Nonetheless, for 
nsp2, the interaction with PHB1 and PHB2 can be confirmed 
as a specific interaction since both nsp3 UB1-GSM and eYFP 
were purified at levels comparable to that of nsp2 but were 
both unable to copurify either PHB1 or PHB2. 

PHB1 and PHB2 are two evolutionarily conserved proteins 
that have been implicated in a number of cellular functions. 
Among these are cell cycle progression (35), cell migration 
(26), cellular differentiation (31), apoptosis (12), and mito- 
chondrial biogenesis (22). Our finding that nsp2 interacts with 
PHB1 and PHB2 suggests that nsp2, rather than playing a role 
in viral replication, may be involved in altering the host cell 
environment. 
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